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INTRODUCTION
In recent years there has been increasing realization that knowledge of the distribution of chemical constituents provides important evidence for origin and magmatic history of granitic batholiths. In the Sierra Nevada batholith, which has been intensively studied in a wide belt across its central part between lat 36°45' and 38°00' N., the gross distribution of its-chemical constituents is difficult to discover because the batholith is made up of many differing plutonic bodies. For this study, part of a continuing program of geochemical study of this batholith, the chemical constituents in 27 samples of granitoid rocks and in 36 separates of their major constituent minerals have been determined. Analyses by neutron activation and X-ray fluorescence have revealed the distribution of several elements, including rare-earth elements (REE) and alkali metals.
Rock samples used in this investigation are from carefully identified localities and were collected as representative of mapped rock units (table 1) . The same samples have been used in many other detailed studies of the batholith: for example, Hurley and others, 1965; Kistler and others, 1965; Dodge and others, 1968, 1969; Piwinskii, 1968; Naeser and Dodge, 1969; Bateman and Dodge, 1970 ; and the samples have been previously analyzed for major element oxides and have been studied petrographically.
BACKGROUND SUMMARY
The Sierra Nevada batholith is a composite of many plutonic bodies ranging in outcrop area from less than a square kilometer to several hundred square kilometers. Individual bodies are either in sharp contact with one another or are separated by remnants of metamorphosed sedimentary and volcanic rocks.
Several of the bodies in the central Sierra Nevada have been grouped into intrusive sequences. Each sequence consists of rocks emplaced during a single intrusive epoch; field, petrographic, and chemical data suggest that the rocks in each sequence are cogenetic. Within individual sequences there is a chronological progression from mafic to felsic; the oldest rocks have silica contents as low as 55 weight percent and contain abundant hornblende, biotite, and intermediate plagioclase. Successively younger rocks in each sequence have increasingly greater silica contents, lesser hornblende and biotite, and more sodic plagioclase. The youngest rocks in some sequences have as much as 80 weight percent silica, contain abundant quartz, K-feldspar, and sodic plagioclase, and are void of hornblende.
Lateral gross compositional changes across the entire batholith are superimposed on the recurrent compositional variations within individual sequences. A study by Bateman and Dodge (1970) of variation of major chemical constituents showed clearly that K^O increases systematically eastward, suggested that Fe203 and TiC>2 may also increase eastward, but that FeO, MgO, and CaO may decrease, and indicated no significant change in amount of Si02, A1203, Na20, H20, P205, and MnO across the batholith. The oxidation ratio [mol(2Fe203xlOO)/(2Fe203+FeO)] increases eastward (Dodge, 1972a) . In addition, the minor elements rubidium, uranium, thorium, and beryllium have been shown to increase eastward (Dodge, 1972b) as does the initial 87Sr/86Sr ratio (Kistler and Peterman, 1973) . Batholithic rocks generally range in age from Triassic to middle Cretaceous (Evernden and Kistler, 1970) ; however, the regional compositional patterns are independent of age patterns (Kistler, 1974) . The age succession, from oldest to youngest, of the intrusive sequences mentioned in this report is: Scheelite, Palisade, Fine Gold, Shaver (Taft Granite is tentatively included with the Shaver), and John Muir; the generalized geographic position, from west to east is: Fine Gold, Shaver, John Muir, Palisade, and Scheelite.
ANALYTICAL PROCEDURES
Rocks analyzed in this study were selected from a suite of intensively studied samples. Separates of several constituent minerals were prepared for analysis from carefully sized rock powders of some of the same rock samples by electromagnetic and density concentration. With the exception of plagioclase and quartz, which generally could not be separated from one another, final sample purity of individual separates generally exceeded 98 percent.
Rocks and major mineral phases were analyzed by instrumental neutron activation analysis (Gordon and others, 1968; Hertogen and Gijbels, 1971) for REE, alkali metals, and an assortment of other elements. Splits of 1.5 grams of rock powders, mineral separates, and standards (U.S. Geol. Survey standard rock G-2 and synthetic standards prepared by mixing elements with high-purity quartz powder) were irradiated for 30 minutes in the USGS Denver TRIGA reactor in a neutron flux of 3xl010 n/cm2/s, and then counted over a 4-hour decay interval using coaxial Ge(Li) detectors (resolution 2.0 keV FWHM at 1333 keV, efficiency -10 percent). The samples and standards were then irradiated for a second time for 8 hours in a neutron flux of 3xl012 n/cm2/s and counted with both coaxial Ge(Li) detectors and planar Ge(Li) detectors (resolution ~500 eV FWHM at 122 keV) after decay times of 7,14, and 60 days. Spectra of induced gamma-ray activities were stored on magnetic tape, and areas under photopeaks were calculated and compared to the standards by computer. A few of the elements determined by neutron activation in this study have been determined on some of the materials in other studies (for example, Dodge and others, 1968 Dodge and others, , 1969 Dodge and others, , 1970 others, 1968, 1971; Wollenberg and Smith, 1968; Tilling and others, 1969) ; in general, agreement with previous analyses is satisfactory.
Rock analyses for Sr, V, and Ni were performed on pressed cellulose powder pellets with a sample/cellulose ratio of 85/15. Conventional X-ray fluorescence techniques were employed utilizing an automated, computerized X-ray spectrometer system. Results were determined using previously established calibration curves for standard silicate rocks; the curves were generated using multiple linear regression equations taking into account various matrix effects.
ELEMENTAL ABUNDANCES AND COMPOSITIONAL VARIATIONS
Rock analyses have been grouped in table 2 according to rock type using the classification and nomenclature recommended by the IUGS Subcommission on the Systematics of Igneous Rocks and are arranged within groups in order of increasing silica contents. Mineral analyses of tables 3 through 7 are listed simply in order of increasing silica contents of host rocks.
RARE-EARTH ELEMENTS
REE data on the granitoid rocks have been normalized to chondrite values summarized by Hermann (1970) . Twelve chondrite normalized patterns are shown in figure 1 . The patterns show an overall REE enrichment and heavy REE depletion relative to light REE. They are generally similar to those determined by Frey, Chappell, and Roy (1978) for granitoid rocks of the Tuolumne Intrusive Series of the central Sierra Nevada, except for lower light REE in a quartz gabbro (CL-1) and a trondjhemite (ST-1) and the presence of large negative Eu anomalies (Eu/Eu*, the ratio of the actual chondrite-normalized Eu value to the chondrite-normalized Eu value if there were no anomaly, of less than 0.5) in four leucogranite samples . Undetermined REE values have been estimated by extrapolation using chondritenormalized diagrams. Total REE contents range from 74 to 250 ppm if the determined values are added to the estimated values. La/Yb ratios range from 2.9 to 48, but the ratios for three-quarters of the samples range between 15 and 40.
Contents of REE in separates of major mineral phases from the Sierra Nevada granitoid rocks are generally somewhat lower than contents reported on the same minerals from granitic suites in other regions (for example, Towell and others, 1965; Buma and others, 1971; Masuda and others, 1972) , whereas REE contents of Sierra Nevada accessory sphenes and apatites (Dodge and -Mays, 1972) reported from several granitic suites in other regions (for example, Towell and others, 1965; others, 1969,1973; Nagasawa, 1970; Staatz and others, 1977) . As noted by Towell, Winchester, and Spirn (1965) , small amounts of accessory mineral impurities would concentrate relatively large amounts of REE in major mineral phases, and the bulk of REE in magnetites (table 7) are probably contained in accessory mineral impurities. The Sierra Nevada separates are as pure as is practicable without resorting to acid washing. Nagasawa (1970) has shown that, at least in zircon, acid washing preferentially leaches the lighter REE. The range of mineral/rock ratios for hornblendes, K-feldspars, and sphenes, based on 12 sphene analyses used by Dodge and Mays (1972) from the same rocks as those analyzed in this study, and the ratios for a plagioclase are shown in figure 2. Ranges are not shown for biotites, as only a relative few of the REE have been determined, or for magnetites. The mineral/rock ratios fall within rather limited ranges and are similar to mineral/groundmass partition coefficients for REE in Figure 2 . Rare-earth-element mineral-rock ratios or ranges of ratios for some constituent minerals of Sierra Nevada granitoids.
dacitic volcanic rocks (for example, Higuchi and Nagasawa, 1969; Schnetzler and Philpotts, 1970; Nagasawa and Schnetzler, 1971; Arth and Barker, 1976) .
ALKALI METALS AND ALKALINE EARTHS
Sodium in the granitoid rocks shows little relation to the other alkalis. Bateman and Dodge (1970) showed Na20 ranged from less than 2 to over 5 weight percent in 193 samples of Sierra Nevada granitoids, but 80 percent of the samples contained between 3 and 4 percent Na20. The 27 rock samples of the study have Na20 within or very near the 3 to 4 percent range.
The relation between K and the two less abundant large alkali metals, Rb and Cs, is shown in figure 3 . Potassium ranges a full magnitude from 0.484 to 4.01 weight percent (0.583-4.83 percent K20), Rb from 13.8 to 182 ppm, though not determined in the least potassic sample (CL-1), and Cs from 1.10 to 8.56 ppm. Rubidium varies positively with K throughout the entire suite, as shown previously by Dodge, Fabbi, and Ross (1970) and Kistler and Peterman (1973) for Sierra Nevada granitoid rocks. Although there is considerable scatter in the K-Cs plot, it is apparent that the relationship of Cs to K is quite different from that of Rb to K. In low K samples, Cs is low, but tends to increase with increasing K to a maximum at 2 weight percent K, then abruptly decreases at higher K contents.
Relative contents of the three large alkali metals in K-feldspar and biotites, which contain the bulk of these elements in the granitoid rocks, are shown in figure 4. Rubidium is concentrated in biotite (498-1,740 ppm) relative to K-feldspar (212-468 ppm), and Cs is even more relatively concentrated in the biotite (10.1 to 157 ppm) compared to K-feldspar (1.15 to 5.70 ppm); similar relations have been reported by Carron and Lagache (1972) and Bernotat, Carron, and Lagache (1976) among others. The dropoff of Cs in rocks with high K contents reflects the decreasing amounts of biotite contained in these rocks, an effect probably present but not so pronounced for Rb.
Barium, generally thought to be characterized by its ability to substitute for K, shows a rather poor correlation with K ( fig. 5 ). Bateman and Chappell (1979) have also noted that Ba, which they expected to follow K, is unexpectedly erratic in its behavior in the Tuolumne Intrusive Series of the central Sierra Nevada. Of the two potassic minerals, K-feldspar and biotite, Ba tends to be much more highly concentrated in the former ( fig. 5 ). K-feldspar has an average K/Ba ratio of only 28, whereas biotite has an average ratio of 94, and if a single biotite which does not coexist with K-feldspar is excluded, the ratio is even greater at 100. The presence of significant amounts of Ba in both hornblende and plagioclase may help account for the rather poor correlation of Ba with K. Evernden and Kistler (1970) and Kistler and Peterman (1973) recorded a range of 86 to 764 ppm Sr and of 0.14 to 2.14 Rb/Sr for Sierra Nevada granitoid rocks. With the exception of a leucogranite sample with 42 ppm Sr and 4.14 Rb/Sr, all samples of this study are within these ranges. We do not present data for Sr in mineral analyses herein; however, relatively low Sr values of 16-65 ppm have been reported for hornblendes (Dodge and others, 1968) and of less than 6-28 ppm for biotites (Hurley and others, 1965; Dodge and others, 1969 ) from granitoids of the central Sierra Nevada. These values were determined on many of the same mineral separates analyzed in the present study. In addition, the following Sr values have been determined spectrographically on four of the K-feldsparsof table 6 (R. E. Mays, written commun.): HL-29,40ppm; BP-1,120 ppm; MG-1,150 ppm; MG-3,240 ppm. Thus, the major rock-forming minerals, hornblende, biotite, and K-feldspar, all have considerably lower Sr contents than their respective host rocks, and the bulk of the Sr in the granitoids is believed to be contained in plagioclase feldspar.
ELEMENTS COVARIANT WITH IRON
Several elements, including Sc, V, Cr, Mn, Co, and Although these elements are concentrated in the ferromagnesian minerals, consistent strong partitioning of the elements between coexisting individual ferromagnesian minerals is shown only by Cr, which is generally concentrated in magnetite, and importantly by Sc, which is enriched in hornblende, concentrated to a lesser extent in biotite, and impoverished in magnetite ( fig. 7 ). This partitioning is further shown by the greater Sc contents of hornblende-bearing rocks relative to hornblende-free rocks. Interestingly, biotites that do not coexist with hornblendes have greater Sc contents than those that do. Vanadium and Ni were determined only on whole rocks in this study; however, previous work on constituent biotites and hornblendes (Dodge and others, 1968,1969) show little partitioning of these elements.
VARIATIONS OF OTHER ELEMENTS
Of the potpourri of remaining determined elements, VARIATIONS AND ABUNDANCES OF ELEMENTS, SIERRA NEVADA BATHOLITH, CALIFORNIA U and Th ( fig. 9 ) and Zr and Hf ( fig. 10 ) are geochemically coherent pairs. Uranium and Th contents and the U/Th ratios of the analyzed rocks are similar to those determined by Wollenberg and Smith (1968) on numerous samples from the central Sierra Nevada batholith. Feldspars tend to contain less Th relative to their host rocks than do biotites or hornblendes, whereas U contents normalized to host granitoid rocks for all these minerals show no consistent differences ( fig. 11 ). The bulk of the U and Th in these rocks is undoubtedly concentrated in accessory phases, particularly zircon, sphene, allanite, and monazite (Wollenberg, 1973) .
The Zr/Hf ratio of the granitoids falls in a limited range from 35 to 60. The bulk of the Zr is believed to be present in accessory zircon, and Zr values are not given for mineral separates. It is of interest that Hf contents of hornblende generally exceed those of biotite by nearly an order of magnitude; a single exception is a biotite (ST-1) which contains appreciable Hf and does not coexist with hornblende. Distribution of Ta in Sierra Nevada granitoids is similar to its distribution in rocks of the southern California batholith (Gottfried and Dinnin, 1965) ; however, overall the element is more abundant in the Sierran rocks, ranging from about 0.2 ppm in two plagioclase-rich granitoids to more than 2 ppm in a leucogranite. Hornblende generally contains greater amounts of Ta than coexisting biotite although biotites from hornblende-free rocks are especially enriched in the element.
Antimony, which ranges from less than 0.1 to more than 1.0 ppm in the granitoids, shows little relation to other determined elements. Greatest Sb contents are in hornblendes, and, unlike Ta, biotites from hornblende-free rocks are not enriched in Sb.
VARIATIONS ACROSS THE BATHOLITH
Previous workers (Wollenberg and Smith, 1968; Bateman and Dodge, 1970; Dodge and others, 1970; Dodge, 1972a, b; Kistler and Peterman, 1973) have demonstrated eastward increase in K, Rb, U, Th, Be, and the initial 87Sr/86Sr ratio and the oxidation ratio, that is, the molecular ratio (2Fe203xlOO)/(2Fe203+ FeO), across the central Sierra Nevada batholith. Although our data are limited to a few samples, they confirm some of these trends and indicate others may be coexistent.
The most important other geographic trend is that of total REE. In figure 12 , the total REE, including values estimated from chondrite-normalized diagrams, are plotted onto a line which crosses the batholith approximately normal to its axis. Although there is some scatter, total REE clearly increases gradually from an average of about 80 ppm in the western Sierra 
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Nevada foothills to over 160 ppm in the eastern part of the batholith. Of the 14 REE, the lightest 2, La and Ce, constitute from one-to two-thirds of the total REE of the granitoids. Thus, the light REE dominate the total REE, and the trend is basically a reflection of variation in contents of light REE. This dominance is graphically illustrated in figure 13 , where correlation coefficients of contents of individual REE are plotted relative to easterly distance across the batholith. The light REE show a high positive degree of correlation, the intermediate REE a poor correlation with Eu being slightly negative, and the heavy REE show progressively higher positive correlation coefficients. La/Yb ratios, a measure of REE fractionation, and Eu/Eu* ratios show considerable scatter and no clearly discernible trends when projected onto a line crossing the batholith. Tantalum also clearly increases eastward even though there is considerable scatter in the data ( fig.  14) . Barium does not show a clear trend completely across the batholith, but two samples suggest a sharp decrease of the element on the extreme west side of the batholith ( fig. 15) . A third low-Ba sample on the east side of the batholith probably has no geographic significance; it is discussed further in the following sections.
VARIATIONS RELATIVE TO SiO2
To further investigate compositional variations, K, Rb, Cs, Sr, Ba, Sc, Fe, total REE, and the ratios La/Yb 0.7
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RARE-EARTH ELEMENTS
and Eu/Eu* have been plotted against Si02, an index of differentiation in granitoid rocks ( fig. 16 ). Hornblende-free and hornblende-bearing rocks have been distinguished on the plots; hornblende, which decreases as silica increases, is absent in rocks with more than 70-72 percent silica. Several of the elements and elemental ratios show fundamental changes in trends at about 72 percent Si02. One of the most pronounced changes is shown by Sr, which displays considerable scatter and no discernible trend at Si02 values below 72 percent, but between 72 and 74 percent Si02 it drops abruptly from values greater than 300 ppm to less than 200 ppm and decreases to less than 100 ppm at 80 percent Si02. The Eu/Eu* ratio is relatively constant, but with scatter, from 55 to 72 percent Si02, generally ranging from 0.6 to 1.0, then drops abruptly above 72 percent Si02 to values below 0.5. The high Eu/Eu* value at 72 per-erable scatter throughout the entire range of Si02 cent Si02 is from a high Si02, low K20, garnet-bearing values, whereas the La/Yb ratio shows a rather illtrondhjemite from a borehole in the extreme western defined increasing trend with increasing Si02 to about Sierra Nevada (sample ST-1). Total REE show consid-70 percent, then even more scatter at higher Si02 values. The plot of Sc against Si02 shows a systematic decrease of Sc with increasing Si02 to 70-72 percent Si02. At higher Si02 percentages, the Sc trend flattens, and the element stays fairly constant at about 2 ppm. Conversely, Fe does not exhibit a change in trend, progressively decreasing throughout the range of Si02 values.
As an aid in evaluating plots of the trace alkali elements and Ba, K has also been plotted against Si02. A detailed discussion of variations of K^O relative to Si02 in the central Sierra Nevada batholith has been presented by Bateman and Dodge (1970) ; they concluded that the K20/Si02 ratio decreases systematically with decreasing Si02 within individual intrusive sequences, but that the decrease is more pronounced in easterly sequences. Samples have not been distinguished by sequences on the plots herein; however, the samples with K contents less than 20,000 ppm are all from the western Sierra Nevada and the three hornblende-free samples with low K contents are from the most westerly intrusive sequence. Excluding these three samples, there is an overall trend of increasing K20 with increasing Si02, although there is considerable scatter in the data as several different sequences are represented on the K versus Si02 plot. Rubidium behaves very similar to K, increasing with increasing Si02 with considerable scatter, and low Rb, hornblende-free samples are all from the extreme western Sierra Nevada. In contrast, the Cs against Si02 plot shows no discernible trend and considerable scatter. Barium values are also widely dispersed relative to Si02. Two samples with low K from the western Sierra Nevada and one significant sample with the highest K and SiC>2 from the eastern Sierra Nevada have Ba values con-siderably below the range of values of the other samples; this finding tends to confirm the earlier made statement that there is a rather poor correlation of Ba and K in these granitoid rocks.
CONCLUSIONS
Regional lateral chemical variations across the central Sierra Nevada batholith, particularly exemplified by K but including some other elements and ratios, have been attributed to changes in the compositions of the sources from which the magmas were derived. Thus, the eastward increase in total REE manifested particularly by the light REE, which confirms a trend noted by Dodge and Mays (1972) in sphenes from the granitoid rocks, is believed to be another reflection of these changes. Enrichment of light REE is characteristic of sediments of the earth's crust (Haskin and Frey, 1966) , and the Sierra Nevada trend may be the result of progressively increasing amounts of crustally derived materials included easterly in juvenile, presumably mantle-derived material.
Eastward increasing depths of magma generation have been proposed as an alternative hypothesis to changes of source materials as a means of explaining lateral compositional variations across the Sierra Nevada (Dickinson, 1970; Kistler and Peterman, 1978) . Green and Ringwood (1969) have suggested that chemical characteristics of various calc-alkaline suites are dependent on their depth of origin. According to their model, there is a continuum of fractionation processes with depth; at shallow levels of melting, magma compositions will largely be governed by separation of amphibole, at increasingly deeper levels, by separation of garnet, clinopyroxene, and amphibole, and finally at even greater depths by garnet and clinopyroxene. This model is difficult to evaluate, as Sierra Nevada granitoid rocks were derived from highly evolved magmas. A basalt or andesite source with a constant amount of melting or fractionation and a systematic progression of amphibole to garnet or simply increasing garnet separation could not have produced the lateral trend of eastward increasing total REE, as the REE partitioning pattern for garnet from basaltic and andesitic rocks intersects unity (that is, from where removal of the mineral will cause enrichment to where it will cause depletion) at intermediate REE ( fig. 17) . If increasing amounts of garnet separation or a shift from amphibole to garnet separation were responsible for light REE enrichment eastward, these kinds of separation would produce a concurrent depletion in heavy RE E; this depletion was not observed. On the other hand, a decrease in the percent of melting along with a change from amphibole to residual garnet could buffer heavy REE while light REE increased. Depth-dependent processes at relatively shallow levels involving only increasing amphibole separation from a mafic source are unlikely, because although K and Rb contents increase eastward, the K/Rb ratio does not change significantly (Dodge and others, 1970) ; amphiboles from basalts characteristically have high K/Rb ratios (Hart and Aldrich, 1966) , and increasing separation of amphibole would cause significant lowering of the K/Rb ratio from resultant easterly magmas. Also Sc, which has been shown to be concentrated in Sierra Nevada hornblendes, would be expected to decrease eastward; it does not show significant lateral variation. In any case, REE variation, like that of K and some other elements and ratios, is independent of the age of the granitic rocks, making it unlikely that this variation was necessarily caused by eastward increasing depth of magma generation.
As with total REE, the eastward increase in Ta is also thought to reflect a progressive shift in source materials. Wedepohl (1978) notes that Ta increases in weathered products relative to alkali, alkali earth, and several other major elements. Age relations of contiguous sequences of the Sierra Nevada batholith generally indicate that the oldest plutons of the sequences are the most mafic, and the progressively younger plutons are increasingly more felsic. This succession has been explained by hypothesizing that each sequence was formed from a single fusion event, and subsequent fractional crystallization of the derived magmas formed individual plutons (Presnall and Bateman, 1973) . Silica contents that do not systematically vary laterally across the batholith (Bateman and Dodge, 1970) are probably largely independent of differing source materials. Thus the amount of SiC>2 offers a measure of fractionation of the granitoid rocks or degree of melting of source rocks, or both.
The systematic decrease of Fe and related elements with increasing Si02 suggests continuous fractionation of ferromagnesian minerals throughout most of the differentiation history of Sierra Nevada magmas. Progressive decrease of Sc indicates that hornblende dominated the crystal fractionation when the Si02 ranged from 55 to 72 percent. This reference is substantiated by the absence of hornblende in the granitoids that contain more than 72 percent Si02. Biotite, on the other hand, apparently was of minor importance as a fractionate throughout differentiation in view of the considerable scatter of Cs relative to SiC>2 and the general increase of Rb with increasing SiC>2. Depletion of Fe above 72 percent SiC>2 may merely reflect removal of small amounts of magnetite.
Below 72 percent Si02, neither the Eu/Eu* ratios nor Sr values show systematic changes. This fact suggests that at lower Si02 contents crystal fractionation of feldspar was overshadowed by hornblende fractionation. On the other hand, above 72 percent Si02 both Eu/Eu* and Sr drop abruptly; this indicates significant depletion of feldspar at the higher Si02 values. Although the plot of Ba against Si02 is complicated with two low Ba rocks from the extreme western Sierra Nevada, the general absence of a trend suggests that the feldspar fractionate was plagioclase rather than K-feldspar. The low Ba content of the highest SiC>2 rock in eastern Sierra Nevada implies K-feldspar was depleted, and the rock may be a true eutectic granite, having solidified from a magma from which both plagioclase and K-feldspar had fractionated. Ce .
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